GaN/AlN multiple quantum wells (MQWs), designed for intersubband (ISB) absorption in the telecommunication range, are grown by molecular beam epitaxy. We demonstrate that the use of both AlN template and optimized growth temperature allows to reach ISB transition energy in the telecom range, i.e. above 0.8 eV (λ = 1.55 µm). Absorption spectra exhibit narrow linewidth (< 50 meV) with a relative energy broadening of 8%. An electro-optical modulator based on electron tunnelling in coupled QWs is then fabricated. A modulation bandwidth of 2 GHz at -3 dB cut off frequency is achieved for 15x15 µm 2 mesas. We show that the modulation rate is limited by the device geometry rather than by the material quality, which makes this technology a good candidate for THz regime.
INTRODUCTION
Thanks to their wide band-gap, III-nitrides are used in multiple applications such as blue-green or white light emitting diodes and blue laser diodes. This semiconductor family can also be of interest for intersubband transition (ISBT) based devices operating in the fiber-optic telecommunication wavelength range (λ = 1.3-1.55 μm). Indeed, one peculiar property of nitride heterostructures is their very large conduction band offset (~1.65-1.75 eV for AlN/GaN 1 ), which is high enough to allow ISBT energy in the telecommunication window. In addition, the strong electron-phonon interaction that takes place in these materials leads to very short ISBT relaxation times (140-400fs 2, 3, 4 ), which is highly desirable for the development of ultra-fast optical devices 5 . III-nitride ISB devices, such as ultra fast optical switches 6, 7 , high frequency ISB photodetectors 8 , ISB light emitting devices 9 , or electro-optical modulators 10, 11, 12 have already been demonstrated. Interestingly, these results were obtained with plasma-assisted molecular beam epitaxy (PA-MBE) growth technique for which the low growth temperature, typically 650-750°C, likely promotes sharp AlN/GaN interfaces limiting diffusion and surface segregation phenomena.
To reach the 1.3-1.55 μm range, it is mandatory to use well width smaller than 2 nm because of the quantum confined Stark effect (QCSE) 13 . As a consequence, the ISBT energy is very sensitive to the quantum well (QW) potential profile and thus, interface degrading phenomena (intermixing, diffusion and/or surface segregation effect) might become highly critical. These effects can be reduced by using a low growth temperature, as they are thermally activated. Furthermore, it was demonstrated that growth on AlN template is also crucial since it prevents strain induced GaN/AlN interface instability, which has been shown to be the main source of ISBT energy limitation 14 when using metal organic vapour phase epitaxy technique (MOVPE). Thanks to AlN templates, it was proved that absorption in the telecommunication range can also be achieved using MOVPE 14 .
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In order to have deeper insights into the role of strain effects on ISBT energies and absorption linewidths, we prepared different samples with various growth conditions. The samples were grown by ammonia-source MBE (NH 3 -MBE), which offers intermediate growth temperature range compared to MOVPE and PA-MBE techniques. At high temperatures, surface segregation is found to be highly critical while strain induced interface instability still exists even at rather low growth temperatures. It is shown that AlN templates are mandatory to get rid of this phenomenon. After growth condition optimisation, we obtained sharp ISB absorption peaks and material quality compatible with optoelectronic devices. Then, an ISB electro-optical modulation (EOM) device based on electron tunnelling in coupled QWs 15 was fabricated. An optical modulation bandwidth of 2 GHz at -3 dB was measured for 15x15 µm 2 mesas.
EXPERIMENTS
Samples were grown by NH 3 The EOM has been processed as square mesas with different areas (from 15x15 µm 2 to 90x90 µm 2 ), which were etched by reactive ion etching (RIE) to reach the bottom Al 0.6 Ga 0.4 N cladding layer. Then, Ti (20 nm)/Al (150 nm)/Ti (40 nm)/Au (40 nm) metallic contact was deposited on the bottom cladding layer. Next, SiN insulating layer was evaporated at the surface by plasma enhanced chemical vapor deposition. This SiN layer was removed by RIE in the center of the mesa to allow ISB measurements at Brewster's angle of incidence. Finally, the second contact layer consisting of Ti (20 nm)/Au (400 nm) was evaporated on the top cladding layer. ISB absorption and infrared photo-induced absorption (PIA) measurements were performed at room temperature under optical excitation by cw frequency doubled Ar + laser at 244 nm. The IR absorption for p-and s-polarized lights was measured using a Fourier transform infrared spectrometer and an InGaAs photodiode with a cut-off wavelength of 2.6 µm. Structural properties of the device were also characterized by transmission electron microscopy (TEM) and X-ray diffraction (XRD). The frequency response of the EOM was investigated by applying a sinusoidal radio frequency (RF) signal modulated up to 20 GHz using a Hewlett Packard RF synthesizer. Optical excitation at a wavelength of 1.55 μm was provided by a 1 mW continuous-wave laser diode. The light transmitted by the modulator was collected by an objective and focus into an InGaAs photodiode with a -3dB bandwidth of 6 GHz. 
RESULTS AND DISCUSSION

Growth optimization of AlN/GaN multiple quantum wells
PIA measurements for p-polarized light have been carried out on samples with AlN barriers grown at different temperatures ( Fig. 1 ). Note that no absorption has been observed for s-polarized light, as expected for ISB absorption (i.e. there is a strong polarization dependence which is the signature of the e 1 -e 2 ISBT in QWs, where e 1 is the fundamental level and e 2 the first excited state). At first, we observe a red shift of 90 meV of the ISBT energies when raising the growth temperature of the AlN barrier from 780 to 850 °C. However, the red shift is still not enough important to reach telecom range. Secondly, a clear broadening of the peak linewidth can also be seen. The full width at half maximum (FWHM) increases from 100 meV to 160 meV. This demonstrates a strong degradation of the well/barrier interface with the growth temperature. Notice that no more improvement could be achieved by a lower growth temperature. Surface segregation effect can first be considered to explain the red shift at high growth temperature. Indeed, such a phenomenon is well known to occur in III-V systems like InGaAs/GaAs or InGaN/GaN 16, 17 . On the other hand, it is worth to keep in mind that the three MQW structures were grown on GaN templates and are thus highly strained. More precisely, the AlN barriers are under tensile strain, which is known to affect the ISBT energy due to GaN/AlN interface mixing 14, 18 . In order to check the influence of the strain in the present experiments, we use AlN templates to place GaN wells under compressive strain and leave AlN barriers free of strain, provided that the whole structure remains pseudomorphic. Two samples with the same layout were grown on GaN and AlN templates. Notice that for both samples the growth of the second AlN barrier is initiated at 780°C, which corresponds to the optimum growth conditions deduced from ISB absorption evolution with temperature. Fig. 2 shows PIA spectra with p-polarized light measured on the two samples. As expected, the ISBT energy is strongly blue shifted when the MQWs are deposited on AlN instead of GaN. The ISB absorption peak energy is 835 meV on AlN template, which corresponds to a wavelength of 1.48 μm, whereas it is 705 meV (1.75 μm) on GaN template. One can clearly see that although the growth temperatures were the same for both samples, the ISBT energies are markedly different. Interestingly, the ISBT energy we measured on AlN template is in good agreement with theoretical expectations and close to the previous data reported for similar MQWs grown by PA-MBE on AlN template 1 . Finally, we notice that AlN templates allow us to achieve ISBT in the telecom range. To explain the discrepancy between AlN and GaN templates we must consider a peculiar effect that occurs at the GaN/AlN interface when the AlN barrier is under tensile strain. It was theoretically pointed out that this interface becomes unstable, as detailed by Boguslawski et al. 18 . This was experimentally evidenced by Nicolay et al. in the case of MOVPE grown AlN/GaN MQW structures 14 . This process is also known to occur in other systems and to be enhanced at high growth temperature 18 , leading to an alloyed layer at the interface made of the two constituents of the heterostructure 19 . In our case, this layer should be an Al 0.5 Ga 0.5 N alloy, which extends both in the well and in the barrier, as schematically depicted in Fig. 3(a) . The corresponding conduction band is displayed in Fig. 3(b) for a perfect QW and a QW with such an alloyed interface. To model this effect we introduce the number M of GaN MLs which are involved in the alloying process and consider that this alloying process between AlN and GaN is perfect and leads to the equivalent amount of Al 0.5 Ga 0.5 N alloy. For example, if M = 1 then the GaN/AlN interface is replaced by 2MLs of Al 0.5 Ga 0.5 N, which extend both in the well and in the barrier. This of course affects dramatically the shape of the QW profile. Consequently, the ISBT energy is strongly modified. The fundamental level e 1 increases while the first excited state energy e 2 decreases. As already reported, this strain induced interface instability induces a red shift of the ISBT energies 14 . To check the influence of this instability on the ISBT energy, simulations taking into account this phenomenon, i.e. a well/barrier alloyed interface with Al 0.5 Ga 0.5 N layer, have been performed for different degrees of instability, i.e. with different M values. Fig. 4 (a) exhibits three simulation curves of ISBT energy versus well width for different values of M (M = 0, 1 or 2 MLs) together with our experimental data. It can be seen that the ISBT energies are located between M = 1 and M = 2 simulation curves for MQW samples grown on GaN templates. If we consider the lowest temperature, the ISBT energy is much lower than that calculated with M = 0, i.e. with a perfect rectangular potential. Therefore, we can assume that interface instability is still present even at 780°C. Of course we should keep in mind that surface segregation phenomenon might also occur. Actually, it is quite difficult to discriminate both phenomena. However, if we suppose that surface segregation is the main parameter that controls the ISBT for samples grown at 780°C, then we should expect a slightly larger surface segregation when the growth is carried out on AlN template. Indeed, it has been shown that compressive strain applied to QW material enhances the surface segregation process 20 . As a result, a red shift of the ISBT energy should be observed when the MQW structure is deposited on AlN template. Actually, the opposite behaviour, i.e. a strong blue shift of the ISBT energy is observed. The absorption peak energy is reported in Fig. 4(a) . One can see that the experimental ISB energy matches perfectly the calculations performed without any interface instability nor surface segregation. This demonstrates that the main factor that affects ISB energies is the strain at the GaN/AlN interface through alloying effect, which occurs at rather low temperature (780°C). Fig. 4(b) presents a simulation curve (black curve) of ISBT energies as a function of well width for perfect QWs, i.e. M=0 and R=0. Data of Ref. 1 obtained by PA-MBE (gray opened triangles) and result of this work for AlN template (black opened triangle) are reported for the sake of comparison. Both data are well accounted for by the simulation curve. This illustrates that nearly perfect rectangular QW potential profile can be achieved by combining the use of AlN template and low growth temperature. In addition, this allows us reaching ISBT energy in the telecom range using AlN/GaN MQW structures grown by NH 3 -MBE. 
Electro-optical modulator
Thanks to the growth condition optimization, we achieve a more complex structure designed for the fabrication of an EOM. A first EOM device was theoretically proposed by taking advantage of the Stark shift of ISB absorption in GaN/AlGaN/AlN QWs 21 . An optical modulation bandwidth at -3dB of 60 GHz was predicted for an absorption linewidth of 100 meV 21 . Modulators based on electron transfer between a superlattice and a 2D electron gas 10 or based on electron tunnelling in coupled QWs 11, 12 have also been proposed and experimentally demonstrated. For the latter one, an -3dB optical modulation bandwidth of 11.5 MHz for 700x700 µm 2 mesa device 11 and 1 GHz for 15x15 µm 2 mesa device 12 has been obtained. In our case, we have followed the approach of Nevou et al. 11 . The active zone of the EOM is composed of 20 coupled QWs. The operation principle is as follows: under forward bias voltage, electrons tunnel from the wide well, which acts as an electron reservoir, to the thin n-doped well, where ISB absorption in the telecommunication range takes place. At zero and reverse bias voltage, electrons tunnel back from the narrow well to the wide well. A TEM picture of the active region is shown in Fig. 5(a) , where the bright and dark zones correspond to the AlN barriers and GaN wells, respectively. One can see that sharp interfaces are achieved. In addition, the barrier and well thicknesses are in good agreement with nominal thicknesses. Furthermore, the excellent periodicity of the structure is confirmed by the observation on the XRD spectrum of the 5 th high order satellite peak (Fig. 5(b) ). From the relative position of the superlattice and AlN template peaks, the period can be estimated to 8.6 nm, again in excellent agreement with nominal thicknesses. The sample edges were mechanically polished to form a 45° multipass waveguide with 8 total internal reflections. ISB absorption of this sample is displayed in Fig. 6 . Two absorption peaks are visible at 0.54 eV and 0.75 eV. They correspond to absorption in the wide reservoir well and in the thin active well, respectively, as illustrated in the inset to Fig. 6 . The linewidth of the low energy peak is 47 meV at room temperature. This small FWHM is probably due to the fact that for wide QWs the ISBT energies are less sensitive to interface disorder. On the contrary, the second peak exhibits a linewidth of 140 meV likely because the ISBT energy of thin wells is more sensitive to the interface roughness and because of the presence of two excited states with slightly different energies 11 . Note also that the narrow well is doped which can enlarged the emission linewidth. For 8 internal reflections, the absorption magnitudes are 26.7 % and 4.8%, respectively. The absorption at 0.80 eV (corresponding to the telecom limit range) is 2.4%. Note that the ISB absorption maximum of the active thin well is not centred at 0.80 eV, as it was planned. Thickness fluctuations of the 1 nm AlN barriers, i.e. reduction of the AlN barrier, could be responsible for the increase of the well coupling. Further careful sample parameter optimization is needed to match the absorption peak to the telecom wavelength range. Differential transmission ΔT/T, measured at Brewster's angle of incidence at forward (20 V) and reverse (-16 V and -20V) bias voltages, is shown in Fig. 7(a) . Under reverse bias voltage, the ISB absorption at 0.54 eV increases and the absorption at 0.75 eV slightly decreases. On the contrary, at forward bias voltage, the absorption magnitude at 0.54 eV decreases and turns to negative ΔT/T value, while peak at 0.75 eV is enhanced. This is a clear indication that the absorption modulation arises well from charge transfer between the two wells 11 .
Results of the normalized frequency responses of the modulator compared with simulations are depicted in Fig. 7(b) for different mesa sizes 12 . At -3 dB optical modulation bandwidth of 2 GHz is obtained for 15x15 μm 2 mesa. It is important to remark that this value compares well with previous reported cut-off frequencies at -3 dB 11, 12, 15 . Worth to notice is that the effect of mesa size is clearly visible in Fig. 7(b) . It appears that there is a benefit on device scaling down in terms of increased modulation bandwidth. This is due to the fact that the present frequency response is actually limited by the RC time constant of the equivalent electrical circuit formed by the electrical contacts and the epilayer stake. The frequency modulation maximum is thus not intrinsically limited by the ISB carrier relaxation time or by the electron tunneling time. In fact, as the capacitance of the device is, in first approximation, proportional to the square of the mesa size, decreasing the size leads to a decrease of the RC time constant and finally, to an increase of the cut-off frequency. A direct consequence of this observation is that the frequency response could still be improved by using impedancematched RF electrical contact design in order to limit the access resistance and capacitance. Another possibility is to use access lines of 50 Ohm as already done by Vardi et al. 22 . Works in these directions are in progress. 
CONCLUSION
To conclude, high quality AlN/GaN MQWs with absorption in the telecom wavelength range was achieved by NH 3 -MBE provided that the AlN barrier at the GaN/AlN interface is grown at rather low temperature and strain-free. The latter condition was fulfilled using AlN templates. Then, an EOM device based on coupled QWs with sharp interfaces was fabricated. Optical modulation bandwidth of 2 GHz at -3 dB was obtained for 15x15 µm 2 mesas which can be further increased by reducing the modulator size and implementing the RF dedicated contacts. Higher optical modulation depth is expected in near future by optimizing the active region and reducing the access resistance.
